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Atmospheric pressure radio frequency helium plasma with two different designs: dielectric 
barrier discharge (DBD) and discharge with bare electrode (DBE) were investigated by 
means of optical emission spectroscopy. Both DBD and DBE can work at relatively low 
temperature and produce abundant electrons facilitating production of reactive species 
through electron-impact reactions. Stark broadening method of Hydrogen Balmer beta (Hβ) 
line was employed to analyze the electron density. When electron density is below 1020 m-3, 
fine-structure fitting was used to improve the accuracy of electron density estimation. At 
power ranged 4-20 W, DBD and DBE showed electron density 4.1-6.1 × 1019 m−3, and 3.6-
8.6 × 1019 m−3, respectively. The DBD is more suitable than DBE for biomedical applications 
due to the wider working power range and lower gas temperature in the range of 316-344 K, 
depending on the power. 
 
1. Introduction 
In the recent decade, atmospheric pressure plasma has been a hot research topic for 
biomedical applications such as medicine and hygiene1–4), due to its capability to produce 
abundant reactive Oxygen/Nitrogen species (RONS)5–7). Generally, the atmospheric pressure 
plasmas can be categorized according to the electrical excitation frequency including direct 
current (DC) plasma, alternating current (AC) plasma, radio-frequency (RF) plasma, 
microwave plasma8). Among these types of plasma, radio frequency (RF) plasmas are 
excellent for those applications due to advantages of relatively low cost and electrical safety, 








































































capability of treatment of non-conductive objects8,9).  Generally speaking, relatively low 
temperature and sufficient RONS are required in the clinical fields10–12). The RONS are 
produced during the transportation of reactive species (electrons, ions, excited species, 
radicals) from plasma region down to the treated sample5,13). These reactive species are 
highly related to the electron-impact reactions10,14). Therefore, electron density 
investigations are needed to understand and enhance the production of reactive species.  
There are several kinds of methods to measure the electron density in plasma, such as 
Stark broadening method15,16), Thompson scattering method17,18), etc. Stark broadening 
method with Hβ line based on optical emission spectroscopy (OES) shows advantages of 
simple installation and alignment. Thus it is widely applied for electron density 
measurements. Electron density measurements were performed by many researchers in 
atmospheric pressure helium discharge under direct current or alternated current (AC) 
electrical conditions. Ionascut-Nedelcescu et al. analyzed electron density to be less than 4 
× 1018 m−3 at voltage of 10.8 kV in an AC (25 kHz) atmospheric pressure dielectric barrier 
helium discharge torch19). Takeda et al. calculated the electron density in two glow-like 
plasmas to be 9 × 1019 m−3 in an AC (50Hz) streamer-like helium discharge at a peak-to-
peak voltage of 9 kV and 1.2 × 1020 m−3 in an AC (62 kHz) dielectric barrier helium discharge 
at a peak-to-peak voltage of 6 kV20). Hoffmann et al. obtained electron density to be (3.4 ± 
2.5) × 1019 m−3 for dissipated power of 0.1-12 W in atmospheric pressure helium RF (11.7 
MHz) discharge in the diffuse mode between a tungsten needle and grounded plate 
electrode21). However, the amount of experiments and data on atmospheric pressure RF 
plasma sources are still quite limited in the literature. Also, it is expected that electron 
densities are dependent upon discharge configurations and power ranges. 
In this study, we investigated and compared atmospheric pressure RF DBD and DBE in 
terms of electrical characteristics, gas temperature, and electron density. The DBD and DBE 
have the same size and structure of the components for the electrode and the dielectric, while 
their discharge configurations are distinguished based on whether plasma has direct contact 
with the electrodes. This work is aiming to contribute to the design optimization of 
atmospheric pressure plasma by comparing both DBD and DBE, as well as to the 
investigations of electron density for low temperature RF plasma sources. 
 
2. Experimental methods 
The geometry of the two atmospheric pressure helium plasma sources and optical emission 
spectroscopy diagnostics setup are depicted in Fig. 1. Figure 1(a) shows the RF DBD with 






































































double dielectric layers embedded into powered electrode and grounded electrode as 
interiors; Figure 1(b) presents the RF DBE where electrodes were rotated 180° and no 
dielectric layers were in contact with plasma. The dielectric layer is made of 99% alumina 
(Al2O3). In DBE configuration, the power and ground electrodes were directly connected to 
the terminals. Both plasma sources shared the same dimensions for manufacturing 
engineering and working conditions including input power, gas type, flow rate, in order to 
see the geometric structure influence on the discharge properties. The plasma source 
consisted of two trapezoidal ceramic dielectric layers with 0.6 mm width and 8 mm height. 
The discharge gap has a height of 1 mm, which is fixed by two ceramic spacers. As seen in 
Fig. 1(c) for layout of experiment setup with diagnostic system, helium gas was fed into the 
gap at gas flow rate of 2 SLM controlled by a mass flow controller (Bronkhorst EL-FLOW). 
An RF power generator (ADTEC AX-600III-A-NV1) combined with an L type automatic 
impedance matching network (ADTEC AMV-1000-EN) empowered the helium discharge, 
whose voltage and current was further recorded by an oscilloscope (TEKTRONIX 
MSO5104B) with 1 GHz bandwidth (10 GS/s sample rate) through a Vigilant Sensor RF 
voltage–current probe. The RF probe was placed between plasma source and matching 
network. After ignition and stabilization of the discharge, the plasma effluent of about 5 mm 
length was observed in the surrounding air. A CCD camera (Andor iDus 420-OE) was 
located at the exit slit of a spectrometer (HORIBA FHR 1000) and captured the discharge 
emission that was projected with a focus lens into the entrance slit (width of 12 μm) of the 
Horiba spectrometer. To be more specific, the CCD camera conducted accumulations for 
each time integrated spectrum acquisition and Horiba spectrometer used the 2400 
grooves/mm. The lens was placed away 13 cm from the plasma source and 7 cm from the 
spectrometer. The relative humidity in ambient air during experiments was around 60 %. 
The total power is indicated by the power generator and the dissipated power is calculated 
based on voltage, current, and phase shift recorded by the oscilloscope. A low-pressure 
mercury lamp (Pen-Ray) was used to measure the instrumental function of the spectrometer 
at wavelength of 435.83 nm. This wavelength was chosen because it approximates the 
wavelength of Hβ line which was used for electron density analysis in this work.  
 








































































Fig. 1. Geometry of the two atmospheric pressure RF helium plasma sources and diagram 
of the experimental setup: (a) DBD; (b) DBE; (c) experimental setup with diagnostic 
system. The voltage is applied directly on powered electrode and dielectric layers in DBE 
are used only to keep the same structure for manufacturing as in DBD. 
 
3. Results and discussion 
3.1 Voltage and current characteristics 
Atmospheric pressure plasmas used for bio-applications are required to exhibit the mild 
temperature for tissue or cells and abundant active species, which are related to working 
modes. A proper working mode of plasma enables realizing its full potential for bio-
applications and was characterized by electrical measurements in this study. The electrical 
characteristics of DBD are presented in Fig. 2(a). The DBD discharge was ignited as α mode 
homogeneous discharge at input power of 6 W, voltage 155 V, and can be sustained at power 
as low as 4 W (voltage 140 V). When increasing input power, the voltage and current also 
rose until transiting to γ mode above the power of 36 W (voltage 335 V). The phase shift 
magnitude of α mode was in the range of 89.0° and 85.5°, showing capacitive properties and 
a decreasing trend with the increase of input power because gas ionization became more 
significant. Similar phenomena were also observed for DBE (see Fig. 2(b)). The DBE can 
be ignited as α mode at power of 5 W (voltage 134 V) and sustained at low power of 4 W 
(voltage 127 V). The voltage and current also became higher with the increment of input 
power, until the discharge reaching γ mode at the power of 24 W (voltage 245 V). The phase 
shift ranged from 88.8° to 84.4° and declines with increasing power. The voltage and current 






































































waveforms in the α mode of both DBD and DBE showed sinus waveforms with negligible 
harmonics. The ignition power and voltage of DBD was a little higher than those of DBE, 
probably due to the charge accumulation on dielectric layer inhibiting the formation of 
discharge. The constricted γ mode is generally avoided for biomedical application due to the 
localized treatment area and high gas temperature22). Therefore, the DBD can work in a 
larger power scale of 4 W to 36 W, while DBE was able to operate in the power range of 4 
W to 24 W. The direct contact between discharge with metal electrode in DBE is responsible 
for the easy transition to γ mode. The phase shift of DBD at the same input power is slightly 
higher than DBE, which can be attributed to the capacitive function of dielectric layer in 
DBD. It is also noticed that the dissipated power of α mode in DBE is also higher than that 
in DBD at the same input power, which makes DBE a more efficient plasma source. 
  
 
Fig. 2. Voltage, current, phase shift, dissipated power variation with input power at helium 
flow rate of 2 SLM for (a) DBD and (b) DBE. 
 
3.2 Optical emission spectroscopy 






































































Optical emission spectroscopy was employed to record the discharge emission spectrum to 
obtain the gas temperature and electron density, and to identify the produced species. Figure 
3 shows the emission spectrum of DBD at power of 20 W. Many molecular bands and atomic 
lines are observed including NO(A-X) bands, OH(A-X) bands, N2(C-B) bands, N2+(B-X) 
bands, He I lines, Hα line, Hβ line, N I line, O I lines. He I lines can be assigned to helium 
excited states, while other bands and lines are due to the impurities of feeding gas (mainly 
H2O vapor) and diffusion of humid ambient air (N2, O2, H2O) in the discharge region and 
effluent. The emission spectrum of DBE is also similar to DBD, thus not presented here for 
simplification. The emission spectrum can also reveal the chemically rich environment in 
both discharges for bio-applications. 
 
Fig. 3. Emission spectrum in the range of 200-800 nm for DBD at the power of 20 W. 
 
In order to have better comparison for DBD and DBE, the experiment data were collected 
under the same input power from 4 W to 20 W in the α mode. Gas temperature was estimated 
by measuring the rotational temperature of OH(A) excited states-a method commonly used 
in low temperature plasma23–26). The OH (A2Σ+→ Χ2Π, 0-0) bands in the range of 306-312 
nm is recorded and fitted using massiveOES software27). This software was described and 
successfully applied to calculate the gas temperature in previous research26,28). Figure 4(a) 
gives an example of the fitting OH bands of DBD at power of 20 W with an inset of 
Boltzmann plot confirming the estimation of rotational temperature. The Boltzmann 
distribution was obtained for rotational quantum J number less than 8 and results showed a 
rotational temperature around 344 K. The estimated temperature has an error of 25 K from 
methodology. The fitting procedures are repeated for OH bands acquired at other input power 
for DBD and DBE to estimate their gas temperatures presented in Fig. 4(b). As expected, 
the gas temperature increases with input power for both plasma sources. DBD exhibited the 








































































temperature in the range of (316 ± 25) K to (344 ± 25) K, which was lower than the gas 
temperature of DBE in the range of (319 ± 25) K to (361± 25) K at the same input power. 
This phenomenon is also related to the dielectric layer that prevents the discharge from being 
too intensive. Due to the relatively low gas temperature, both plasma sources are able to be 
operated for biomedical applications.  
 
 
Fig. 4. Gas temperature estimation: (a) OH bands fitting with massiveOES; (b) Gas 
temperature for DBD and DBE at different input power and fixed helium flow rate of 2 
SLM. 
 
3.3 Electron density 
The reactive species formation for biomedical applications is highly related to the electron-
collision reactions. Here the Hβ line is used to obtain electron density due to its advantages 
of strong Stark broadening dependence on electron density, and weak sensitivity to electron 
temperature29). However, it also has a disadvantage that this method can only be applied in 








































































the case of considerably high electron density (>1020 m-3) making it difficult to apply to 
many types of low temperature plasmas. In this study, we first use the classical Voigt fitting 
method to analyze the Hβ line profiles to obtain the electron density. After that, calculated 
electron density was found to be below the threshold of 1020 m-3, which may lead to 
significant error and uncertainty. A fine-structure fitting method was then applied to get 
more accurate results. This fitting method is based on assuming that the broadening 
mechanism of Hβ line also applies to the 7 fine-structure components29,30). This method has 
been used by Hoffman et al.21) to analyze the electron density in atmospheric pressure RF 
plasma jet.  Palomares et al.29) experimentally validated the applicable range of this method 
down to 6×1018 m-3 by comparing with a different, independent method-Thomson scattering.  
The line profile is broadened by different mechanisms: instrumental broadening, natural 
broadening, self-absorption, Doppler broadening, Van der Waals broadening, resonance 
broadening, and Stark broadening. The instrumental broadening in our case has a Gaussian 
profile and full width at half maximum (FWHM) of 0.014 nm. The natural broadening is 
negligible compared to other broadenings31). Self-absorption can be presumed as non-
significant for Hβ line in non-hydrogen low temperature plasma16). Doppler contribution to 
line profile has a Gaussian shape32) and is calculated with the gas temperature obtained from 
Sect. 3.2. The same gas temperature was used for the Van der Waals broadening, which is 
caused by interaction between excited atoms and surrounding neutral particles and has a 
Lorentzian profile32). 
Resonance broadening occurs when lower states are dipole coupled to ground state and 
strongly depends on the density of ground states of the same emitters32). In the present case, 
the relative density of the H atoms is low because helium serves as the working gas. 
Therefore, resonance broadening of Hβ line can be negligible. 
On one hand, in the classical Voigt fitting, the Hβ line is considered as a single line profile 
function and Stark contribution is assumed to be Lorentzian. The fitting is then achieved by 
convoluting Gaussian instrumental and Doppler broadening, and Lorentzian Van der Waals 
and Stark broadening. On the other hand, in the fine-structure fitting, the Stark broadening 
is analyzed by assigning a Voigt shape to each fine component. The overall profile is then 
analyzed by convoluting separate fine structure transitions of Hβ as line profiles, with relative 
line strengths and line shifts being the same as in the zero-field case30). Due to the low plasma 
density, this may be taken as a valid assumption. In other words, each fine-structure 
transition is assigned with its corresponding Doppler, Van der Waals, Stark broadening, and 
instrumental broadening so that the overall profile is obtained as a superposition of profiles. 







































































In this approach, the same Stark width which is expected from theory for the entire line, is 
assigned to each fine-structure component. The fine-structure fitting can be used to improve 
the accuracy of electron density calculation close to the threshold of classical method, but 
above all for checking the validity of the obtained results for plasma density in the conditions 
when Van der Waals broadening is below the fine-structure limit of 0.05 nm15,16).  
The electron densities measured with both fitting methods for DBD and DBE under 
different powers are shown in Fig. 5. Figure 5(a) shows the fitting profile of Hβ line for DBD 
at 20W. It can be seen that Voigt fitting profile and fine-structure fitting profile overlap due 
to the relatively small discrepancy. The electron density obtained from Voigt fitting is 6.5 × 
1019 m−3, which is a little lower than the electron density derived from fine-structure fitting 
showing (6.1 ± 0.8) × 1019 m−3. When using of Hβ line Stark broadening method for electron 
density close to 1 × 1020 m−3, but still above the lower limit (4 × 1019 m−3) 33), the fine-
structure effect contributes to a small extent to the final results. Correspondingly, the electron 
density can be estimated by use of simple Voigt fitting with acceptable accuracy. 
 








































































Fig. 5. Electron density obtained by Stark broadening method: (a) fitting of Hβ line. Voigt 
fitting and fine-structure fitting overlap; (b) electron density of both DBD and DBE at 
different powers. 
Figure 5(b) shows that the electron density obtained from Voigt fitting is also lower than 
that from fine-structure fitting for both DBD and DBE. When applying the power from 4 W 
to 20 W, the DBD and DBE have the electron density in the range from 4.1 × 1019 m−3 to 6.1 
× 1019 m−3, and from 3.6 × 1019 m−3 to 8.6 × 1019 m−3, respectively. These electron density 
results are similar to those obtained by Hofmann et. al20,21) investigating the atmospheric 
pressure RF helium plasma jet. Higher electron density measured in DBE discharge than in 
DBD at the same input RF power is probably explained by presence of the dielectric layer. 
The layer results in higher capacitance of the gap and thus decreases dissipated power; 
however, it makes the discharge more stable and suppresses transition to the γ mode. It 
should also be emphasized that in the experiment, the overall emission from discharge zone 
and the plume are projected into the entrance slit of spectrometer and recorded by 1000 
accumulations for each gate time of 0.5 s. The electron density measured here by Hβ line 
analysis lacks spatial and temporal resolution and is predominantly characterized by the 
maximum electron density. This phenomenon has also been observed in the previous 
experiment20). Although higher electron density was found in DBE than in DBD, it has to be 
emphasized that DBD configuration is more stable and α mode homogeneous plasma can be 
sustained at higher power than DBE, which makes DBD configuration of the RF plasmas 
favorable for biomedical applications. 
 
4. Conclusions 
Aiming at bio-applications, atmospheric pressure RF DBD and DBE are investigated 
regarding the electrical characteristics, gas temperature, as well as the electron density. Both 
DBD and DBE operate as the capacitive discharge, and can work at relatively low 
temperature, and are expected to produce abundant species due to electron-collision 
reactions for biomedical applications. However, there are some differences for both plasma 
sources due to the presence of dielectric barrier layers in DBD. DBD shows a larger working 
power range and slightly lower gas temperature at the same input power. Although DBE 
shows higher electron density than DBD at the same power, DBD can be sustained in the 
stable and homogeneous α mode at higher power to achieve a similar magnitude of electron 
density to promote chemistry activities. Therefore, atmospheric pressure RF DBD design is 
more desirable for bio-applications. 
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Fig. 1. Geometry of the two atmospheric pressure RF helium plasma sources and diagram 
of the experimental setup: (a) DBD; (b) DBE; (c) experimental setup with diagnostic system. 
The voltage is applied directly on powered electrode and dielectric layers in DBE are used 
only to keep the same structure for manufacturing as in DBD. 
Fig. 2. Voltage, current, phase shift variation, dissipated power with input power at helium 
flow rate of 2 SLM for (a) DBD and (b) DBE. 
Fig. 3. Emission spectrum in the range of 200-800 nm for DBD at the power of 20 W. 
Fig. 4. Gas temperature estimation: (a) OH bands fitting with massiveOES; (b) Gas 
temperature for DBD and DBE at different input power and fixed helium flow rate of 2 SLM. 
Fig. 5. Electron density obtained by Stark broadening method: (a) fitting of Hβ line. Voigt 
fitting and fine-structure fitting overlap; (b) electron density of both DBD and DBE at 
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